A recently discovered neurodevelopmental disorder caused by the mutation of the cyclin-dependent kinase-like 5 gene (CDKL5) entails complex autistic-like behaviours similar to Rett syndrome, but its impact upon physiological functions remains largely unexplored. Sleep-disordered breathing is common and potentially life-threatening in patients with Rett syndrome; however, evidence is limited in children with CDKL5 disorder, and is lacking altogether in adults. The aim of this study was to test whether the breathing pattern during sleep differs between adult Cdkl5 knockout (Cdkl5-KO) and wild-type (WT) mice. Using whole-body plethysmography, sleep and breathing were recorded non-invasively for 8 h during the light period. Sleep apneas occurred more frequently in Cdkl5-KO than in WT mice. A receiver operating characteristic (ROC) analysis discriminated Cdkl5-KO significantly from WT mice based on sleep apnea occurrence. These data demonstrate that sleep apneas are a core feature of CDKL5 disorder and a respiratory biomarker of CDKL5 deficiency in mice, and suggest that sleep-disordered breathing should be evaluated routinely in CDKL5 patients.
SUMMARY
A recently discovered neurodevelopmental disorder caused by the mutation of the cyclin-dependent kinase-like 5 gene (CDKL5) entails complex autistic-like behaviours similar to Rett syndrome, but its impact upon physiological functions remains largely unexplored. Sleep-disordered breathing is common and potentially life-threatening in patients with Rett syndrome; however, evidence is limited in children with CDKL5 disorder, and is lacking altogether in adults. The aim of this study was to test whether the breathing pattern during sleep differs between adult Cdkl5 knockout (Cdkl5-KO) and wild-type (WT) mice. Using whole-body plethysmography, sleep and breathing were recorded non-invasively for 8 h during the light period. Sleep apneas occurred more frequently in Cdkl5-KO than in WT mice. A receiver operating characteristic (ROC) analysis discriminated Cdkl5-KO significantly from WT mice based on sleep apnea occurrence. These data demonstrate that sleep apneas are a core feature of CDKL5 disorder and a respiratory biomarker of CDKL5 deficiency in mice, and suggest that sleep-disordered breathing should be evaluated routinely in CDKL5 patients.
IN TROD UCTI ON
Rett syndrome (RTT) is a genetic neurodevelopmental disorder caused by mutations of the gene encoding for methyl-CpG binding protein 2 (MECP2). In 2003, a study reported a patient with a RTT-like phenotype caused by a mutation in the cyclin-dependent kinase-like 5 (CDKL5) gene (Kalscheuer et al., 2003) , which is part of the MECP2 molecular pathway (Mari et al., 2005) . Only in 2013 was CDKL5 disorder proposed as an independent clinical entity (Fehr et al., 2013) . Both RTT and CDKL5 disorder affect children, leading to complex autistic-like phenotypes (Hagebeuk et al., 2013; Mangatt et al., 2016) . RTT patients also show respiratory abnormalities such as apneas both during wakefulness and sleep (D'Orsi et al., 2009; Schluter et al., 1995) . Similar abnormalities occur in MeCP2 knockout (KO) mice in which the respiratory phenotype worsens with time, leading eventually to death (Ren et al., 2012; Stettner et al., 2007) . Due to the recent discovery and rarity of the CDKL5 disorder, evidence concerning sleep-disordered breathing in CDKL5 disease is limited (Hagebeuk et al., 2013; Pini et al., 2012) , and lacking altogether in adults. The development of Cdkl5-KO mice (Amendola et al., 2014) may accelerate understanding of the pathophysiology of this disease, with the goal of promoting therapeutic developments. The aim of this study was to test whether breathing during sleep differs between Cdkl5-KO and wild-type (WT) mice.
METH ODS
The study protocols were approved by the Bologna University and Italian national ethics committees on animal experimentation.
The Cdkl5-KO and WT mouse colony, with 12.5% 129/Sv and 87.5% C57BL/6J genetic (N3) backgrounds, was maintained with a 12:12-h light-dark cycle and free access to food and water. Genotypes were assessed as described previously (Amendola et al., 2014) . Hypnic and respiratory phenotypes were assessed non-invasively in 10 Cdkl5-KO and 10 WT adult male mice. The age and weight of recorded mice did not differ significantly between Cdkl5-KO (15.9 AE 0.9 weeks and 25.5 AE 0.2 g, respectively) and WT ª 2017 European Sleep Research Society (13.4 AE 0.8 weeks and 25.9 AE 0.4 g, respectively). Each mouse was placed inside a whole-body plethysmography (WBP) chamber flushed with air at 1.5 L h À1 for the first 8 h of the light period. The respiratory (WBP chamber pressure) signal was recorded continuously, together with chamber humidity and temperature, digitized, and stored at 128, 4 and 4 Hz, respectively. The system was calibrated with a 100 ll micro-syringe (Hamilton, Reno, NV, USA) at the end of each recording. The states of wakefulness, non-rapid eye movement (NREM) and rapid eye movement (REM) sleep were scored based on inspection of the raw respiratory recordings, with a procedure validated against conventional electroencephalography and electromyography (Bastianini et al., 2017) . Quantitative analysis of breathing was restricted to stable sleep episodes ≥12 s (Silvani et al., 2014) because of the frequent occurrence of movement artefacts during wakefulness. Instantaneous total breath duration (T TOT ), tidal volume per gram body weight and minute volume per gram body weight were obtained as reported previously. Apneas and segmented breaths (sighs) were detected automatically as breaths with T TOT (apneas) or tidal volume (sighs) greater than three times the average T TOT or tidal volume, respectively, for each mouse and sleep state, and detection accuracy was checked on raw recordings (Silvani et al., 2014) . Because augmented breaths (sighs) often precede apneas, we further categorized apneas as post-sigh apneas if they followed a sigh by ≤8 s. Statistical analysis was performed using SPSS software (SPSS, Inc, Chicago, IL, USA) with two-way analyses of variance (ANOVAs) (genotype and sleep state as factors) and independent-sample t-tests. Sleep apnea occurrence was also evaluated with receiver operating characteristic (ROC) functions and the relative area under the curve (AUC). Results are shown as mean AE standard error of the mean (SEM) with significance at P < 0.05.
RESUL TS
The sleep pattern (Supporting information, Table S1 ) and respiratory variables during sleep (Table S2) Table S2 ). Cdkl5-KO mice had more frequent apneas during total sleep time (P = 0.002) and during NREM sleep (P = 0.031) compared to WT (Fig. 1) . In further analyses, as a function of apnea type, Cdkl5-KO differed significantly from WT in terms of higher occurrence rate of the apneas that did not follow a sigh during NREM sleep (P = 0.023, Supporting information, Table S3 ). Apnea duration did not differ significantly between Cdkl5-KO and WT (Supporting information, Table S3 ), with the exception of a lower duration of the apneas that did not follow a sigh during REM sleep in Cdkl5-KO (1056 AE 30 ms versus 1160 AE 36 ms, P = 0.040). The ROC analysis (Supporting information, Table S4) indicated that, at individual level, Cdkl5-KO mice were discriminated significantly from WT based on the occurrence rate of all apneas during total sleep time (AUC = 0.870 AE 0.106, P = 0.005), of all apneas during NREM sleep (AUC = 0.780 AE 0.106, P = 0.034) and of the apneas that did not follow a sigh during NREM sleep (AUC = 0.840 AE 0.089, P = 0.010).
DISCUSSION
The main result of the present experiment was that Cdkl5-KO had more frequent apneas during sleep than WT mice. This difference was significant at group level (Fig. 1) , and led to effective discrimination of Cdkl5-KO mice at individual level (Supporting information, Table S3 ) during NREM sleep and during the whole sleep time, whereas it was close to statistical significance during REM sleep. With respect to WT mice, apnea duration of KO mice was similar during NREM but lower during REM sleep, in line with the shorter T TOT of KO mice in this sleep state.
We found that the occurrence rate of all apneas during total sleep time was the simplest apnea index that discriminated Cdkl5-KO significantly from WT mice at individual level, and also the one with the highest AUC value in our sample. Our data thus point to the occurrence rate of all apneas during TIME ( total sleep time as a novel biomarker of CDKL5 deficiency in mice. This biomarker may be of value in studies exploring therapeutic developments for CDKL5 disorder because it addresses the impact of this disorder on physiological functions, and because it can be evaluated non-invasively with WBP. Possibly because of the recent discovery and rarity of the CDKL5 disorder, the results of the present study cannot be compared directly with data on the respiratory phenotype of patients with the CDKL5 disorder. Indeed, the occurrence of sleep apneas has been documented only in a sample of four female children (Hagebeuk et al., 2013) and never in adult patients. As CDKL5 and MECP2 are part of the same molecular pathway (Mari et al., 2005) it is worth noting that both adult RTT patients (Schluter et al., 1995) and MeCP2-KO mice (Ren et al., 2012) exhibit higher sleep apnea occurrence than healthy controls. In line with that, our data strengthen the rationale for routine evaluation of sleep-disordered breathing in patients with the CDKL5 disorder.
In conclusion, our experiment demonstrates that sleep apneas are a core feature of the CDKL5 disorder in mice. This effect is robust enough to be considered as a biomarker for the development of future therapies for the CDKL5 disorder.
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